Mortality, diameter at 30 cm over ground level, height, biomass production, and carbon capture (CC) for different tree components (trunk, bark, branches, and leaves) in two locations in Costa Rica, during their first three years and with three plantation spacings (1.0 × 0.5 m, 1.0 × 1.0 m, and 1.0 × 2.0 m) were obtained for Gmelina arborea Roxb. trees growing in short rotation coppice systems (SRC). In addition, regression models were developed to predict biomass production and CC using location, age, spacing, and their interactions. Biomass production was measured by weight of trees without considering dendrometric variables. Results showed that mortality was lower than 15% for one location, with probable high fertility, and almost 85% for the other location. Diameter and height of trees increased with plantation age in both locations. The highest biomass production and CC were observed in the spacings of 1.0 × 0.5 m 2 and 1.0 × 1.0 m 2 , with 20 Mg/ha/year and 8 Mg/ha/year, respectively. The models to predict biomass production in trunk with bark, branches, leaves, total biomass without leaves, and CC in trunk, branch, and total biomass were developed using this equation: Y = β 1 + β 2 (location × age) + β 3 (age) + β 4 (spacing). The R 2 values varied from 0.66 to 0.84, with error from 0.88 to 10.75 and indicators of goodness of fit from 60 to 83%.
Methodology

Conditions and Sampling of the Plantation
SRCs of 3 year old G. arborea located in two different locations in Costa Rica with different conditions of fertility, precipitation, weed control, and fertilization were analyzed. The location, climatic, geographic, establishment, and management conditions of each location can be seen in Table 1 . Three spacing treatments were set: 1.0 × 0.5 m, 1.0 × 1.0 m, and 1.0 × 2.0 m [18, 23] . In each location, three different experimental units or plots of each spacing were established, covering an effective area of 49 × 49 individuals. Location 1 (Location-1) had an area of 100 m 2 per treatment and Location 2 (Location-2) had 400 m 2 per treatment. Therefore, 18 experimental units were sampled (2 locations × 3 plantation densities × 3 experimental units = 18 experimental units). Five trees were sampled in each experimental unit per year (3 years × 2 locations × 3 spacings × 3 blocks × 5 trees = 270 trees). The trees to be sampled had a diameter approximate equal to the average diameter of the plantation, which was obtained previously by measuring the diameters of the temporary plots of 25 m 2 in area. Diameter at 30 cm above ground level and height were measured in each sampled tree ( Table 2 ). The trees were then cut at ground level, and branches and leaves were separated from the trunk. In addition, the mortality per year in each plantation treatment was determined by counting the quantity of trees present in each experimental unit, and it was reported in relation to initial total trees. Table 2 . Diameter at 30 cm over ground (mm) obtained in temporary plot of short-rotation Gmelina arborea plantations in two different location in Costa Rica. 
Determination of Biomass Productivity
Each part (leaves, branches, and trunks) of the sampled trees was weighed independently, employing a 0.01 kg scale. Following this, 10 cm long cross sections were extracted from three different heights: the base of the tree, at total height, and at 50% total height. These samples were used for determination of the moisture content of trunk and bark. All this material was packed in plastic bags to retain moisture. The remaining trunk material was ground to obtain chips no greater than 3 mm long.
Moisture content (MC) of biomass was calculated as a function of the MC in green condition utilized in biomass studies. The leaves and branches in green condition were weighed, and then placed into an oven at 50 • C for 76 h and reweighed after that period. The MC was calculated using Equation (1). Meanwhile, to calculate the MC of the bark and the trunk, the 10 cm samples obtained at three different heights were used after removing the bark from the trunk. Both parts were oven-dried at 103 • C for 24 h. Weights before and after drying were determined and used to find the MC with the percent ratio, as described above.
When calculating the trunk's MC and the weight of the different parts of tree (trunk, leaves, bark, and branch) or total weight in green condition, biomass oven-dried condition (0% MC) of the those parts of individual trees were determined (Equation (2)). The oven-dried condition biomass values obtained were then projected to estimate biomass per hectare (Equation (3)) for each type of plantation spacing. Oven-dried biomass per individual tree was multiplied per plantation density at different ages (Equation (3)). where biomass can be biomass of trunk, biomass of bark, biomass of branch, or biomass of leaves, and weight can be the mass of trunk, branch, or leaves.
Calculation of Captured Carbon
The chipped material of the trunk (wood and bark) of the five trees of each experimental unit was combined into one sample. This sample was air dried to 12% MC. Next, the material was sieved through 0.25 mm and 0.42 mm meshes (40 and 60 meshes, respectively). The same procedure was used with the branches of the five trees sampled. The percentage of carbon concentration in the laboratory was determined using an Elementar Analysensysteme, Vario Macro Cube model.
The weight of the CC per tree was calculated using carbon concentrations in the laboratory, multiplied by the dry weight of both the trunk and the branches. These values obtained were projected to estimate CC per hectare for each type of plantation spacing (1.0 × 0.5 m, 1.0 × 1.0 m, and 1.0 × 2.0 m), considering the mortality of each plantation treatment per year.
Regression Models for Biomass Production and CC
Regression models were used to determine biomass production prediction equations (in trunk with bark, branches, leaves, and total without leaves) and CC (in trunk, branches, and total) per hectare. For the development of these regression models, location, age, spacing, and interactions location × age, location × spacing, and age × spacing were used as independent variables. Linear regression models were tested (Equation (4)), and the models with interaction of location × age, age, and spacing presented the best results, so they were selected as the final models. For both models, each variable (location and age) was independent from the others, and any colinearity was presented between them. For this selection, the parameters considered were the determination coefficient (R 2 ), the adjusted determination coefficient (R 2 -adjusted), error, the F-value, and the residuals.
Due to the high variability of data from location-2 in Year 3 as a consequence of high mortality (Table 1) , these data were eliminated at the time of performing the regression models in order to achieve the best possible adjustment.
where Y represents biomass production (Mg/ha) and carbon content (Mg/ha) for different parts of the trees, k i represents a coefficient determined by statistical model, β 1 is a fixed effect of age, β 2 is a fixed effect of spacing, β 3 is a fixed random location, β 4 is the interaction of age and spacing, β 5 is the interaction of age and location, β 6 is the interaction of spacing and location, and ε is the error of the model.
Statistical Analysis
Compliance of the variables with the theories of normal distribution and homogeneity of variance, as well as the presence of outliers, were verified for diameter, tree height, and biomass production Forests 2019, 10, 593 5 of 17 in trunk, branch, leaves, and total biomass without leaves per tree and per hectare. An analysis of variance using the SAS software (SAS Institute Inc., Cary, NC, USA) was applied to verify the effects of the location, spacing, age, and their interactions (Equation (3)). Although all interactions were considered, the regression analysis presented the significant interactions.
where µ is the variable mean, Li is the location effect (fixed effect), Sj is the spacing effect (fixed effect), A k is the age effect, Li × Sj is the interaction between location-spacing, Li × A k is the interaction location-age, Sj × A k is the interaction between spacing-age, and Li × Sj × A k is location-site-age.
Results
The mortality percentages obtained for Location-1 in Year 2 and in Year 3 were lower than those obtained in each plot of Location-2; for Year 3, the values for Location-1 ranged between 3% and 21%, while in Location-2, the percentages of mortality were from 62% to 83% (Table 3 ). In both, the percentages of mortality were higher in Year 3 than in Year 2 in Plot 2 of spacing 1.0 × 2.0 mm, Plots 1 and 3 of spacing 1.0 × 1.0 m, and all plots of spacing 1.0 × 0.5 m for Location-1, and the mortality was higher in Year 3 than Year 3 in Location-2 (Table 3 ). 1 Mortality is the relationship between trees present in each year and initial total trees (initial density) expressed perceptually as stand density means in quantity of trees per hectare.
Morphological Development (Diameter and Height)
The ANOVA showed that the location, spacing, and tree age effects and their interactions were statistically significant (p-value < 0.01) for the height and diameter of the trees (Table 4 ). Regarding height, growth with increasing age was observed for the two locations and the three spacings, except for the trees of Location-1 and 1.0 × 2.0 m, which showed a decrease in the height increment from With respect to diameter, as with height, an increase with age was observed ( Figure 1b ). The significant location effect on diameter (Table 4) With respect to diameter, as with height, an increase with age was observed ( Figure 1b ). The significant location effect on diameter (Table 4) shows that the trees in Location-2 presented the highest values of diameter in spacings 1.0 × 2.0 m and 1.0 × 1.0 m in Years 2 and 3 (Figure 1b ), whereas the trees in spacing 1.0 × 0.5 m in Location-2 presented similar diameters as the trees in the three spacings in Location-1 for the three years of measurement.
Biomass Production
Biomass production was analyzed from two perspectives: biomass production per tree level and per stand level, or biomass per hectare. With regard to production per tree level, location, spacing, tree age, and their interactions were significant on biomass production in the different tree components (Table 4 ). Biomass production from the tree level (trunk, bark, branch, and leaves) increased through the years, especially in Location-2 from Location-2 presented higher biomass production values for each part of the tree, and (iii) in Location-1 the trees in spacing 1.0 × 1.0 m showed the highest values of biomass production in the trunk and total, while for biomass production of the bark, branches, and leaves, the trees in spacing 1.0 × 2.0 m had the highest values (Figure 2a ,e).
2 presented biomass production values similar to the trees in Location-1; (ii) the trees in spacing 1.0 × 2.0 m in Location-2 presented higher biomass production values for each part of the tree, and (iii) in Location-1 the trees in spacing 1.0 × 1.0 m showed the highest values of biomass production in the trunk and total, while for biomass production of the bark, branches, and leaves, the trees in spacing 1.0 × 2.0 m had the highest values (Figure 2a and 2e).
As for biomass production per stand level, the effect of the location, spacing, and tree age and their interactions was not significant (Table 4 ). For example: (i) none of the variables mentioned was significant in biomass for leaves; (ii) the variable location was significant only in biomass for the trunk; (iii) the interaction location × spacing was not significant in biomass from any part of the tree; and (iv) the variable of tree age and the interactions spacing × age and location × spacing × age were not significant in biomass for the branches (Table 4 ). Depending on the part of the tree, biomass varied significantly with spacing ( Figure 3 ). For Location-1, during the three years of the evaluation, biomass in each part of the tree increased with increasing spacing. In Location-2, although this behaviour persisted for biomass of the trunk, bark, As for biomass production per stand level, the effect of the location, spacing, and tree age and their interactions was not significant (Table 4 ). For example: (i) none of the variables mentioned was significant in biomass for leaves; (ii) the variable location was significant only in biomass for the trunk; (iii) the interaction location × spacing was not significant in biomass from any part of the tree; and (iv) the variable of tree age and the interactions spacing × age and location × spacing × age were not significant in biomass for the branches (Table 4) .
Depending on the part of the tree, biomass varied significantly with spacing ( Figure 3 ). For Location-1, during the three years of the evaluation, biomass in each part of the tree increased with increasing spacing. In Location-2, although this behaviour persisted for biomass of the trunk, bark, and total for spacings 1.0 × 2.0 m and 1.0 × 1.0 m, for spacing 1.0 × 0.5 m, biomass decreased from Year 2 to Year 3 for each one of the parts of the tree, particularly for branches and leaves (Figure 3 ). 
Production of Captured Carbon
Mean concentrations of carbon of the trunk and of the branches varied between 45% and 48% (Table 5 ). Noticeably, both Location-1 and Location-2 presented differences among the mean carbon concentrations of the trunk and branches during the three years, with the exception of spacings 1.0 × 2.0 m in trunk and branches, 1.0 × 1.0 m in branches, and 1.0 × 0.5 m in the trunk in Location-1, and spacing 1.0 × 0.5 m in the trunk in Location-2 (Table 5 ). In the spacings presenting differences in the carbon percentage, the highest values were observed in Years 2 and 3 ( Table 5 ). 
Mean concentrations of carbon of the trunk and of the branches varied between 45% and 48% (Table 5 ). Noticeably, both Location-1 and Location-2 presented differences among the mean carbon concentrations of the trunk and branches during the three years, with the exception of spacings 1.0 × 2.0 m in trunk and branches, 1.0 × 1.0 m in branches, and 1.0 × 0.5 m in the trunk in Location-1, and spacing 1.0 × 0.5 m in the trunk in Location-2 ( Table 5 ). In the spacings presenting differences in the carbon percentage, the highest values were observed in Years 2 and 3 ( Table 5 ). According to the ANOVA, the CC in the trunk with bark per tree was significantly affected by the location, spacing, tree age, and the interactions location × age and spacing × age, while the evaluation per area unit (Mg/ha) showed that the CC was significantly affected only by the spacing, tree age, and interactions spacing × age and location × spacing × age. The analysis of CC in the branches per tree showed that it was affected by all the factors evaluated, while the results per area unit (Mg/ha) show that location and the interaction location × spacing did not affect CC significantly ( Table 6 ). The evaluation of the total CC per tree and per Mg/ha showed no significant effect by the factors evaluated, except for tree age, the only variable that affected CC significantly. CC behaviour evaluation showed a pattern similar to that of biomass production, both per location and per spacing (Figures 2-4 ). This is because CC estimation is based on carbon concentrations and on biomass production in the trunk and the branches. Some specific changes to notice are: in Year 3, the highest value of total CC stored per tree was observed in spacing 1.0 × 2.0 m in Location-2, with 13.00 kg in the trunk and branches (Figure 4c ), (ii) while per hectare, the highest value was found in spacing 1.0 × 0.5 m in Location-1, with 40.23 Mg (Figure 4f ). 
Biomass and Carbon Capture Production Prediction Model
Linear regression models were tested (Equation (4)), and showed that the model with interaction of location × age, age, and spacing presented biomass and CC per tree prediction (Table 7) , but this behavior was not observed when these values were projected per area unit, due to mortality of trees in the plots. Although all interactions were considered in the model (Equation (4) ), significant interactions were shown ( Table 7 ). The fitting of the linear regression models to predict biomass production and CC per hectare of the trunk with bark, branch, and leaf biomass, total biomass without leaves, and CC in trunk, branches, and total CC are shown in Table 7 . For all of them, the model was fitted using tree age, spacing, and the location × age interaction as independent variables. The final models developed by means of regression curves for the different tree components were significant (p ≤ 0.05), with R 2 values between 0.63 and 0.84, the lowest being for leaf biomass and the highest for the trunk with bark, total biomass without leaves, trunk carbon, and total carbon (Table 
Linear regression models were tested (Equation (4)), and showed that the model with interaction of location × age, age, and spacing presented biomass and CC per tree prediction (Table 7) , but this behavior was not observed when these values were projected per area unit, due to mortality of trees in the plots. Although all interactions were considered in the model (Equation (4) ), significant interactions were shown ( Table 7 ). The fitting of the linear regression models to predict biomass production and CC per hectare of the trunk with bark, branch, and leaf biomass, total biomass without leaves, and CC in trunk, branches, and total CC are shown in Table 7 . For all of them, the model was fitted using tree age, spacing, and the location × age interaction as independent variables. The final models developed by means of regression curves for the different tree components were significant (p ≤ 0.05), with R 2 values between 0.63 and 0.84, the lowest being for leaf biomass and the highest for the trunk with bark, total biomass without leaves, trunk carbon, and total carbon ( Table 7 ). The plots of predicted vs. observed biomass and CC indicated good fit and high predictive ability across the two locations and the three spacings used ( Figure 5 ). . The plots of predicted vs. observed biomass and CC indicated good fit and high predictive ability across the two locations and the three spacings used ( Figure 5 ). Legend: β 1 is a fixed effect of age, β 2 is a fixed effect of spacing, and β 5 is interaction of age and location according to Equation (4) . ** in coefficient of model and F-value mean that they are statistically significant at 99% of confidence level.
Discussion
Mortality and Morphological Development
Mortality is caused by many factors, above all, soil fertility, the degree of competition among the trees while growing [38] , weed problems [39] , diseases like rust infections, tree or seed selection during establishment [3] , and underdeveloped tree roots, among a series of problems [40] . Location-1 presented lower mortality relative to Location-2 ( Table 3) , meaning that, most likely, Location-1 probably presented better fertility, fertilization was applied, and web control was carried out (Table 1) ; these conditions produce the best conditions for trees under high planting densities. Another important aspect to highlight regarding the values of mortality is that the increase occurred between Years 2 and 3 ( Table 3 ). The explanation of this phenomenon is that in Year 3, an increased competition among the trees could lead to the death of unfit trees [40] . When comparing the values of mortality with those of other studies, the values for Location-1 were lower than those reported for populous (Populus sp.), willow (Salix sp.), and eucalyptus (Eucalyptus sp.), which are species also used in SRC systems in other regions of the world [39, [41] [42] [43] . However, the mortality values in Location-2 were greater than the above species, reflecting again the low quality of Location-2 for the development of SRC systems with G. arborea.
With regard to tree morphology, an increase with age of the plantation (Figure 1 ) is a normal condition in the first years of trees growing in SRC systems; the tree tends to develop roots and foliage first, and then propitiate diameter and height development [39] until competition conditions appear [37] . At the age of 3 years, trees still tend to grow both in diameter ( Figure 1a ) and in height (Figure 1b) , which seems to indicate that at this age, the trees have not reached still their maximum competition capability [44, 45] .
Despite the increase in diameter and height in trees of Location-2, Year 3, these seemed to continue their normal growth, since the high mortality observed in this location at the age of 2 and 3 years influenced the development of height and diameter of the trees at the age of 3 Years. According to Marsh and Burgers [46] , stands with clearings, such as those of SRC systems due to mortality, present similar growth to stands established using lower planting density, which is a reason why growth was influenced by the low density of the plantation present in the trees of Location-2 during those years ( Table 3) .
A significant spacing effect is to be expected as regards tree height and diameter development ( Figure 1, Table 4 ). This is because reduced spacings (such as 2.0 × 1.0 m) contribute to diameter and height growth, due to the development of a larger root system and foliage area [47, 48] (Figure 1) . Concerning the foliage area, Oswald and Aubrey [45] mention that the trees do not compete until the crowns intersect laterally, so that in plantations with wide spacings, there is no competition among the trees.
As regards the locations, tree development is governed by differences in fertility of various locations [49] , as demonstrated in this study, where the location was significant in height and diameter development ( Figure 1 , Table 4 ). Location-1 likely presented more appropriate fertility and soil conditions for tree development in SRC systems.
Lastly, the effects of the interactions location × spacing, location × age, or spacing × age on height and diameter development ( Table 4 ) indicate that G. arborea SRC systems are a combination of all these factors. This means that the morphological development of the tree in SRC with G. arborea depends on age, spacing, and location. However, as Dickmann [50] points out, one of the most influencing factors in the establishment of SRCs is location fertility, as shown in this work.
Production of Biomass and Captured Carbon
Based on the production of several species utilized in SRCs in tropical areas [20, [51] [52] [53] [54] , an average biomass production can be established at 20 Mg/ha/year, that is, for a 3 year old plantation of G. arborea in an SRC system, like the one in this study, an average biomass production of 60 Mg/ha would be expected. Thus, considering the production of total biomass without leaves in the present study (Figure 3e ), only two spacings (1.0 × 1.0 m and 1.0 × 0.5 m) in Location-1 at 3 years would exceed the optimum production of 60 Mg/ha for G. arborea in SRC systems. Therefore, Location-2 is inadequate for biomass production based on G. arborea in SRC systems with any of the spacings.
It was observed that there was a difference in effects of tree age, spacing, and location on biomass and CC when was applied at tree level and stand level ( Table 4 ). This difference in biomass can be attributed to the high mortality presented in the different plots. The biomass and CC per individual tree was then affected by site, spacing, tree age, and their interactions, but in terms of the projection to area of biomass, these factors did not have the same effect, probably because of the high mortality presented.
Spacing and locations are the most influencing variables in biomass and CC production in the individual tree (Tables 4 and 6 ). Proe et al. [55] mentioned that close spacing, such as 1.0 × 0.5 m, reduced the size of individual trees, as occurred in the present study with G. arborea (Table 1) , but there was an increased biomass productivity per area unit, and, consequently, in the amount of sequestered carbon, because there were many trees per area, as shown in the results obtained (Figures 3  and 4 ). Bergkvist and Ledin [56] also mentioned that maximum yields are generally achieved early in plantations with reduced spacing. However, such behavior may change with increasing age in G arborea SRC systems, for, as mentioned, under these growing conditions, wider spacing can exhibit the highest biomass yield in the long term [17, 55, 57, 58] ; as the rotation length increases, the early advantage of close spacing becomes lost [56] .
The effect of location was shown clearly in SRC systems of G. arborea (Figure 3 , Tables 3 and 4 ). Location conditions, such as effective depth, fertility, and edaphological features determined the degree of root and crown development, the morphological conditions of the tree, and, consequently, the biomass production [59, 60] .
SRC systems fix CO 2 from the atmosphere and store the fixed carbon above and below ground as biomass [61] . In this case, SRC 3 year old plantations would be storing over 15 Mg/ha of CC (Figure 4f ), yielding 5 Mg/ha/year of CC on average. According to Tuskan and Walsh [62] , location classification by CC productivity varies from 5.3 to 21 Mg/ha/year, with the lowest values obtained in locations with low productivity and the highest in locations with high CC productivity. Thus, after comparing Tuskan and Walsh's [62] results with the results found in the two locations in the present study (Figure 4f) , the locations were catalogued as being of mean to high CC productivity.
Biomass and Carbon Capture Production Prediction Model
An important aspect to highlight of the models developed in the present study (Table 7) is that although they derive from trees/plantations growing under the climatic conditions of Costa Rica, the two locations evaluated showed important differences in growing conditions, with resulting variability in the morphological conditions of the trees (Figure 1a,b ). Thus, it is possible to apply these models to other growing conditions for G. arborea plantations under SRC systems, for, in addition to representing the variability of the location, they can be applied to different spacings and tree ages to estimate biomass or CC.
On the other hand, one of the main advantages of the models provided in this paper is the possibility of assessing the economic profitability of SRC with G. arborea, because many variables are needed to calculate the cash flow throughout the rotation [63] . For example, Mitchell et al. [64] mentioned the following advantages of having biomass prediction models based on biomass estimation models of various species used in the United Kingdom, which can also be applied to models developed for G. arborea:
1.
Most production costs, from establishment to delivery, can be calculated, as they are density-dependent, as is the case for plantation, localized fertilization, and weed control; 2.
Plant material may account for up to 65% of establishment costs, and any advantage gained by high planting rates may be outweighed by increasing costs; 3.
Stand harvesting costs constitute a major portion of total production costs (70%), and may have effects as important as those of stand establishment costs. The information provided in the model, particularly the average basal diameter, is also essential for deciding what type of harvesting to carry out.
Conclusions
The variation in the mortality values and biomass production and CC production observed in the SRC system of G. arborea clearly shows the suitability of some locations for utilization of these systems. For example, the fertility condition in Location-1 produced trees with reduced diameter and height but less mortality, yielding higher biomass production, and, consequently, higher carbon capture. In relation to spacing, 1.0 × 0.5 m and 1.0 × 1.0 m are recommended for SRC systems with G. arborea, as these presented higher biomass productivity and CC per area unit. Finally, the models developed to predict biomass in different part of tree and total carbon show a good correlation with location, spacing, tree age, and the interaction location × age. Thus, these models can help derive variables associated with other related activities, such as the costs involved in biomass and CC production.
Author Contributions: C.T. contributed with tree sampling, determining wood properties, running the data analysis, and coordinating the research project. R.M. contributed with designing the experiment, tree sampling, determining wood properties, running the data analysis, and coordinating the research project. E.O.-M. contributed with designing the experiment, writing the paper, and running the data analysis. and D.A. contributed with designing the experiment. Funding: Vicerrectoría de Investigación y Extensión at the Instituto Tecnológico de Costa Rica (ITCR).
